Abstract: A novel initiator, 2-benzothiazol-2-yl-5-bromomethyl-phenol (BYBP) containing excited state intramolecular proton transfer (ESIPT) fluorophore was synthesized. Atom transfer radical polymerization (ATRP) of styrene was conducted successfully using BYBP as initiator, cuprous bromide (CuBr)/N,N,N',N",N'-pentamethyldiethylenetriamine (PMDETA) as catalyst, and cyclohexanone/DMF (m cyclohexanone : m DMF = 1: 1) as solvent. Factors such as the reaction temperature and molar ratio of catalyst to initiator, which could affect the ATRP system, were discussed in the paper. Chain extension was conducted using polymer as the macro-initiator which was characterized via 1 H NMR. The optical property of initiator was well preserved in the obtained polystyrene, and the endfunctionalized polystyrene exhibited obvious fluorescent emission at about 530 nm.
Introduction
Fluorophores, such as 2-(2-hydroxyphenyl)benzoxazole (HBO) and 2-(2-hydroxyphenyl)benzothiazole (HBT), which contain intramolecular hydrogen bonds are known to undergo excited state intramolecular proton transfer (ESIPT) (see Scheme 1) upon photoexcitation [1] [2] [3] [4] [5] . Extensive studies have been reported on the incorporation of proton transfer molecules, such as HBO and HBT, into main-chain [6] [7] [8] [9] [10] and side-chain [11] [12] [13] [14] [15] polymers, understanding of the fluorescent property of such polymers, and exploration of their applications. Sanghyuk Park and coworkers reported a novel method of fabrication and fluorescence patterning of highperformance ESIPT-active polybenzoxazole film [6] . M. R. Becker et al. reported the synthesis of the novel copolymers of styrene and 2-[(5'-N-acryloyl)-2'-hydroxyphenyl] benzoxazole or 2-[(5'-N-acryloyl)-2'-hydroxyphenyl] benzothiazole, and the copolymers in solid state or in chloroform solution emitted intense green fluorescence although the dye content incorporated into the polystyrene was less than 0.5% (wt/wt) [14] . However, these polymers were obtained by coupling reaction and conventional radical polymerization which did not provide access to polymeric materials with well-defined compositions and molecular weights and low polydispersity indexes (PDIs).
Atom transfer radical polymerization (ATRP) is a method for controlled radical polymerization [16] [17] , and it can control the molecular weight and functionality. A wide range of functionality can be introduced into a polymer chain end by using functional initiator if the functional group remains intact during this living radical polymerization. Examples of end-functionalized group through ATRP include hydroxyl [18] , carboxyl [19] , aminooxy [20] , borane [21] , anthracene [22] , 8-hydroxyquinoline [23] , dibenzyloxy or dimethylester [24] , di-tert-butyl phthalate [25] , tetra-functionalized adamantane [26] et al.
In this paper, we devised and synthesized a new initiator 2-benzothiazol-2-yl-5-bromomethyl-phenol, which was applied in ATRP of styrene. To our knowledge, it is the first example of polystyrene end-functionalized with excited state intramolecular proton transfer (ESIPT) fluorophore. And the fluorescent property of the functionalized polystyrene was also studied. 
Results and discussion

Influence of reaction conditions on polymerization
ATRP of styrene was conducted using cyclohexanone/DMF as solvent to improve the solubility of the initiator. The synthetic procewert34tdure used in the preparation of the initiator and the 1 H NMR of the initiator are described in Scheme 2 and Figure 1 , respectively. The polymerizations of styrene were carried out with a monomer/initiator molar ratio of 200, and a final number-average degree of polymerization of 200 was targeted; this produced a theoretical number-average molecular weight (M n, (th) ) of approximately 20800 at 100% conversion. The effect of the polymerization temperature on the ATRP of styrene is investigated, and the results are presented in Figure 2 and 3. As shown in Figure 2 , at different temperature, the corresponding plots of ln([M] 0 /[M]) vs the polymerization time are linear, which indicates that the propagating radical concentrations are almost constant during the processes of the polymerization. The rate of polymerization accelerates with temperature increasing, which can be learned from the slope of lines which represent the apparent rate constant of polymerization at different temperature. Figure 3 shows the dependence of the M n, (GPC) s on the monomer conversions. The M n, (GPC) s increase almost linearly with monomer conversion, which is consistent with the polymerization proceeding in a controlled fashion. However, all of the M n, (GPC) s are higher than the M n, (th) s, and this indicates low initiation efficiency. The low efficiency of this system was probably due to a mass of initiator radicals terminated in the initiation stage of the polymerization. The influence of concentration of catalyst on polymerization is also investigated and the results are shown in Table 1 . According to No. 1, the monomer conversion of polymerization is relatively low (6.2%) without CuBr. The initiation is inefficient, and therefore high molecular weight polymer (25300) and broad PDI (2.40) are formed, much the same as in a conventional radical polymerization. Conversion and M n, (GPC) are improved a little when using more CuBr. With the increasing of PMDETA, the PDIs decrease remarkably. According to 
Chain extension and characterization of polymers
To further confirm that the polymerization was a "living" progress, we conducted chain extension using above obtained polymer as the macro-initiator. The chain extension was carried out at 70 ºC for 3 hours. As shown in Figure 4 , M n, (GPC) of polymer increases from 13300 (a) to 17500 (b) and PDI changes from 1.43 (a) to 1.59 (b). M n, (GPC) of the final polymer was lower than M n, (th) (20600) due to the relatively low reactivity of the macro-initiator. The successful chain extension showed "living"/controlled way, and the result implied that most of the polystyrene chains were still "living". H NMR spectrum of polystyrene is shown as Figure 5 . According to the mechanism of ATRP, initiator group was incorporated at α-end of the polymer chain, while ω-end remained a terminal halide. It can be verified by The successful chain extension and characterization of polystyrene suggested that the polymerization fitted the mechanism of ATRP.
Fluorescent property
The end-functionalized polymers were obtained at very low benzothiazole dye concentration, and a small amount of it was enough for fluorescent purposes [14] . The obtained polymers were amorphous and showed good solubility in acetone, dichloromethane and THF. The absorption and fluorescence emission spectra of end-functionalized polystyrene are shown in Figure 6 . The polymer exhibits two strong absorption peaks; the first peak appears in the shorter wavelength region (at about 300 nm) corresponding to the thiazole chromophore absorption [27] , and the second peak appears at the characteristic intense π-π* transition of benzothiazole at about 340 nm. The styrene is fluorescent and emits a green light at about 530 nm in dichloromethane solution when irradiated with UV-light. The Stokes shift is large (about 190 nm) since the ESIPT process leads to the different absorbing and emitting species. Besides the strong emission, a considerably weak emission at a short wavelength around 410 nm is also observed, which resulted from the enol form relaxation.
Conclusions
Well-defined polystyrene containing 2-(2-hydroxyphenyl)benzothiazole (HBT) was prepared via ATRP using 2-benzothiazol-2-yl-5-bromomethyl-phenol as initiator, CuBr/PMDETA as catalyst and cyclohexanone/DMF as solvent. The rates of polymerizations exhibited first-order kinetics with respect to monomer, and a linear increase in the number-average molecular weight with increasing monomer conversion was observed for these polymerizations. Most of the PDIs were below 1.50. Chain extension could be carried out using obtained polystyrene as macroinitiator. The end-functionalized polystyrene emitted green fluorescence. The other excited state intramolecular proton transfer (ESIPT) fluorophores, such as 7-hydroxyquinoline, 3-hydroxyflavone and 2-(2'-hydroxyphenyl)pyridine, could also be incorporated to the end-group of the polymer through ATRP.
Experimental part
Materials
Styrene (CP, Shanghai Chemical Reagent Co. Ltd) was purified by extracting with 5% sodium hydroxide aqueous solution, followed by washing with deionized water and drying with magnesium sulfate anhydrous overnight, and finally distilled in vacuum. 4-Methylsalicylic acid (99%; Alfa Aesar) was used as received. 2-Aminothiophenol (98%; Alfa Aesar) was used as received. NBS (99.0%, Shanghai Chemical Reagent Co. Ltd) was dissolved rapidly in boiling water through a fluted filter paper into a flask immersed in an ice bath, followed by filtering and washing with ice-cold water, finally dried under vacuum. BPO (98%, Shanghai Zhongli chemical factory) was dissolved in CHCl 3 at room temperature and precipitated by adding an equal volume of methanol, finally dried under vacuum at room temperature. CuBr (98.5%; Shanghai Chemical Reagent Co. Ltd) was purified in acetic acid, washed with methanol and dried under vacuum to obtain a white powder. PMDETA (98%, Jiangsu Liyang Jiangdian Chemical Factory) was dried with 4-Å molecular sieve and distilled in vacuum. Other reagents were analytic pure (commercially available) and were used as received.
Synthesis of initiator
-Synthesis of 2-benzothiazol-2-yl-5-methyl-phenol 2-Benzothiazol-2-yl-5-methyl-phenol was synthesized according to literature [28] . 
Polymerization
All ATRP reactions were carried out following the similar experimental procedure. CuBr, PMDETA, cyclohexanone, DMF, initiator and styrene were mixed in a threeneck round-bottom flask. Then the flask was sealed and cycled between vacuum and N 2 for four times. The polymerization was processed at pre-determined temperature under N 2 . Samples were taken out by a syringe at different time intervals and diluted with tetrahydrofuran (THF). The diluted solution was passed through an alumina column to remove the copper catalyst, and the filtrate was precipitated by addition of methanol. The precipitation was filtrated and dried under vacuum.
Characterization
Conversions for monomer were determined by gravimetry.
1
H NMR spectra were measured by INOVA 400 MHz NMR spectrometer; tetramethylsilane was used (TMS) as the internal standard at ambient temperature. Molecular weights and the PDIs relative to polystyrene were measured using Waters1515 GPC with THF as a mobile phase at a flow rate of 1 mL/min and with column temperature of 30 ºC. Room temperature emission and excitation spectra were carried out using Edinburgh-920 fluorescence spectra photometer. The purity was determined with a Waters 515 HPLC apparatus: a mixture of methanol and water (methanol: water = 80: 20, v/v) was used as the eluent at a flow rate of 0.8 mL/min at 30 ºC with a C18 column and with a Waters 996 detector.
